IMPORTANCE Newer sequencing technologies in combination with traditional gene mapping techniques, such as linkage analysis, can help identify the genetic basis of disease for patients with rare disorders of uncertain etiology. This approach may expand the phenotypic spectrum of disease associated with those genetic mutations.
N euromuscular disorders include diseases related to skeletal muscle, neuromuscular junction, peripheral nerves, and anterior horn cells. Primary defects in any of these tissues lead to weakness as a common outcome. Neurogenic and myopathic conditions often manifest with distinct sets of clinicopathological findings, but overlapping findings sometimes make determination of the primary etiology difficult. [1] [2] [3] [4] In such situations, a molecular diagnosis may clarify the pathogenesis and lead to a revised diagnosis that reflects the primary cause of a patient's weakness. 1, 2 Congenital myopathy (CM) is characterized by earlyonset muscle weakness due to primary skeletal muscle dysfunction. 5 Patients with nemaline myopathy (NM), the most common type of CM, typically present with proximal muscle weakness and the presence of threadlike structures (nemaline rods) within skeletal muscle fibers seen on light microscopy using Gömöri trichrome staining. 6, 7 To date, mutations in 9 different genes (TPM3, NEB, ACTA1, TNNT1, TPM2, CFL2, KBTBD13, KLHL40, and KLHL41) have been reported to cause NM or one of its variants. 6, [8] [9] [10] In addition to myopathies, nemaline rods are observed in other conditions, including peripheral neuropathies, 11 mitochondrial defects, 12 human immunodeficiency virus infection, 13 and polymyositis.
14 Furthermore, patients with NM sometimes are seen with findings suggestive of a neurogenic etiology, 15 and mutations in some genes (eg, DNM2) may cause a primary skeletal myopathy, such as centronuclear myopathy, or a neuropathy, such as Charcot-Marie-Tooth (CMT) disease. 16 In this article, we describe a family with 4 members identified as having CM, including a mother (the proband) and her 3 sons, with variable clinicopathological findings. Two individuals were diagnosed as having NM, one had a nonspecific CM, and one manifested neurogenic atrophy with myopathic features. Although appearing to be a primary skeletal myopathy, some of the findings were consistent with a neurogenic process. To determine the genetic basis of their disease, linkage analysis was performed on DNA samples from the 4 affected members, and whole-genome sequencing was conducted on the proband's DNA. Whole-genome sequencing identified a unique heterozygous variant in the neurofilament light polypeptide gene (NEFL) (Online Mendelian Inheritance in Man 162280), a gene whose mutations were previously shown to cause CMT disease, a heterogeneous neuropathy affecting the peripheral nervous system. 17, 18 The NEFL variant was present in all affected members. Additional experiments were performed to determine the pathogenicity of the identified mutation.
Methods

Patient Enrollment
The mother (proband 20-1), father , and their 3 sons (20-2, 20-3, and 20-4) were enrolled in an institutional review boardapproved study at Boston Children's Hospital ( Figure 1A ). The family gave written informed consent and was enrolled in the Beggs laboratory CM registry and research study. Blood samples were collected, and DNA was extracted.
Muscle Biopsy
The slides and muscle biopsy specimens for 3 affected members of the family (unavailable for 20-3) were made available for study courtesy of several institutions. The slides stained with hematoxylin-eosin, nicotinamide adenine dinucleotidetetrazolium reductase, and modified Gömöri trichrome were reevaluated by 2 of us who specialize in neuropathology (P.D.S.C.C. and U.D.G.).
Electromyography and Nerve Conduction Studies
Electromyography (EMG) and nerve conduction studies were performed in the proband. Standardized techniques were used.
Single-Nucleotide Polymorphism-Based Linkage Analysis, Whole-Genome Sequencing, and Sanger Sequencing
Single-nucleotide polymorphism (SNP)-based linkage analysis was performed on DNA samples from the 4 affected family members (20-1, 20-2, 20-3, and 20-4) using an array (genomewide human SNP 6.0; Affymetrix). Linkage and copy number variation analysis was performed using a pipeline developed by 2 of us (K.S.A. and K.M.) who specialize in informatics. Whole-genome sequencing was performed on the proband's DNA using an available platform (Complete Genomics Incorporated) as described previously. 19 Nonpathogenic variants were filtered using dbSNP131, and potential disease-causing variants were confirmed using Sanger sequencing. Primer sequences for genomic polymerase chain reaction (PCR) and Sanger sequencing to detect the NEFL mutation were NEFL_F: ACCCGACTCAGTTTCACCAG and NEFL_R: TTCCTCCACTTC-GATCTGCT.
Real-time Quantitative Reverse Transcription-PCR and Complementary DNA Sequencing
Total RNA was extracted from muscle biopsy tissue from patient 20-4 and age-matched control subjects using a fibrous tissue minikit (RNeasy; Qiagen). Extracted messenger RNA was converted to complementary DNA using a synthesis system (SuperScript III First-Strand; Invitrogen). Sanger sequencing was performed using primers NEFL_F and NEFL_R (as above) flanking the mutant transcript.
A real-time quantitative reverse transcription-PCR assay was performed to measure NEFL transcript levels 5′ and 3′ to the mutation site. A probe (Taqman Hs04187794; Life Technologies) measured NEFL transcript levels 5′ to the mutation site with dye-labeled (VIC; Applied Biosystems) glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (catalog No. 4310884E; Life Technologies) as an internal control. A dye (SYBR Green; Bio-Rad) was used to measure the levels of the NEFL transcript 3′ to the mutation using the following primers: NEFL_Distal_1F: GATCGAAGTGGAGGAAACCA and NEFL_Distal_1R: GGCCTCTTCCTTGTCCTTCT. GAPDH transcript levels were evaluated as an internal control. Real-time quantitative reverse transcription-PCR was performed in duplicate and analyzed using a real-time quantitative reverse transcription-PCR system (7300; Applied Biosystems) with software (7500 Real-Time PCR System Sequence Detection Software, version 1.4; Applied Biosystems). The PCR program used was 50°C for 2 minutes, 95°C for 10 min-
Western Blot and Immunofluorescence
Tissues from muscle biopsy specimens were frozen and stored at −80°C until analysis. Protein isolation and Western blot procedures were performed as described previously. 20 Transferred proteins were detected with antibodies against NEFL (PA1-32240, 1:250 dilution; Thermo Scientific) and GAPDH (FL-335, 1:1000 dilution; Santa Cruz Biotechnology) and visualized using enhanced chemiluminescence. Quantification of protein levels was normalized to GAPDH using a software program (Quantity One 4.2.1; Bio-Rad) on an image station (440 Kodak DS; Eastman Kodak Co). For immunofluorescence studies, 8-μm frozen transverse sections of muscle biopsy specimens from patients and age-matched controls were stained with rabbit polyclonal anti-NEFL (PA1-32240, 1:250 dilution; Thermo Scientific) and α-bungarotoxin AlexaFluor 594 conjugate (B13423, 1:40 dilution; Invitrogen) antibodies. AlexaFluorconjugated antirabbit IgG (1:100; Molecular Probes) was used as a secondary antibody. Coverslips were mounted using mounting medium with 4′,6-diamidino-2-phenylindole dihydrochloride (Vectashield; Vector Laboratories). Staining was evaluated using a microscope (Eclipse 90i; Nikon) with software (NIS-Elements AR; Nikon).
Results
Heterogeneous Clinicopathological Findings in Affected Members of the Family With Diagnosis of CM
The clinical findings in the family are summarized in Table 1 . The mother (proband) and her 3 sons had manifested hypotonia since early infancy but without feeding or respiratory difficulties. All the sons had undescended testes. Delayed motor milestones of varying severity were present in all 4 members. They had no contractures at birth but developed them over time involving various joints. Footdrop had been noted in all 4 affected members during childhood. They became wheelchair dependent at different times of their lives. Facial and body muscle weakness, especially of the shoulders and distal lower extremities, and scoliosis were present. The proband underwent surgery for hammertoe deformity, and her 3 sons required multiple surgical procedures, including heel cord lengthening and spinal fusion. One of the affected sons died at age 35 years, likely due to respiratory insufficiency. The remaining affected family members are alive at ages 72, 49, and 47 years. Coincidentally, the father had developed an autoimmune disease associated with scleroderma and polymyositis late in adult life and died. Serum creatine kinase levels were within normal limits in all affected individuals.
The histopathogical findings in muscle biopsy specimens from affected family members are summarized in Table 2 . The family was diagnosed as having NM because nemaline bodies were present in the proband and one son . Nemaline bodies were not evident in the muscle biopsy specimens of the other 2 sons (20-2 and 20-4). Patients 20-2 and 20-3 had additional findings suggestive of a neurogenic process, including type II fiber predominance, grouped fiber atrophy, and small angular fibers (Figure 2A-I) .
The EMG and nerve conduction data were available only for the proband, performed at age 42 years. The motor and sensory nerve conduction study results were normal in the left upper and lower extremities except for a moderately low tibial motor amplitude and a slightly low median motor and sensory amplitude with prolonged distal latencies (eTable in the Supplement). The needle EMG revealed diffusely distributed abnormal spontaneous activity in the form of positive sharp waves, fibrillation potential activity, and complex repetitive discharges, as well as abnormal (giant amplitude, long duration, and polyphasic) motor unit potentials ( Table 3 ) consistent with a primary chronic neurogenic disorder.
Mutated NEFL in the Affected Family Members
Linkage and copy number variation analyses were performed on DNA samples from the 4 affected members. No copy number variations were identified. Only 25.8% of the genome was consistent with linkage using a dominant transmission model, with a maximum logarithm of the odds score of 0.59. Wholegenome sequencing on the proband's DNA identified 17 872 exonic variants, 936 of which were unique and not present in dbSNP131. Of those 936 variants, only 273 were present in the linked region. The 273 variants were evaluated by gene expression and function, followed by Sanger sequencing. We sequenced 5 candidate variants in all 4 affected family members and identified a single heterozygous nonsense NEFL mutation (c.1261C>T; p.R421X). In addition, we screened the 273 linked variants for 333 neuromuscular disease-associated genes, which include genes mutated in myopathies, muscular dystrophies, motor neuron diseases, ataxias, and were then filtered using the National Heart, Lung, and Blood Institute Exome Sequencing Project database (http://evs.gs .washington.edu/EVS/) with frequency less than 0.005, PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) score greater than 0.1, and dominant inheritance pattern. We again identified the same single nonsense NEFL mutation (c.1261C>T; p.R421X), present in all 4 affected family members. This mutation was not present in the National Heart, Lung, and Blood Institute Exome Sequencing Project database, 1000 Genomes Project (http://browser.1000genomes.org), Genome Variant Database for Human Disease at the University of Miami (Florida) Miller School of Medicine (http://genomics.med .miami.edu), or dbSNP build 139.
Relative Stability of the Nonsense Mutation-Containing NEFL Transcript
Because nonsense mutations often lead to nonsensemediated decay and loss of mutant transcripts, the stability of NEFL c.1261C>T transcripts was evaluated using messenger RNA extracted from patient 20-4 and control quadriceps muscles. Two primer pairs, one proximal and one distal to the site of mutation, were used to evaluate NEFL transcript levels. Real-time quantitative reverse transcription-PCR analysis showed that NEFL transcript levels in the patient were normal or slightly elevated at 1.32 fold (range, 1.03-1.70 fold ) and 2.02 fold (range, 1.97-2.08 fold) higher compared with the control when measured at the 5′ and 3′ sites, respectively. Furthermore, PCR and sequence analysis of NEFL complementary DNA in the quadriceps muscle complementary DNA of patient 20-4 showed that the mutation was easily detectable at levels comparable to those of the wild-type allele. In this patient, the mutant T and the wild-type C peaks were clearly present, of similar amplitudes ( Figure 1C) , and comparable to the results of genomic DNA sequencing ( Figure 1B ). These findings suggest that mutant transcripts are stable and not undergoing significant nonsense-mediated decay.
No Obvious Differences in Protein Amounts on Western Blot and Immunofluorescence
Western blot and indirect immunofluorescence analyses were undertaken to look for gross alterations in NEFL protein size, levels, or localization. Muscle biopsy specimens were available from patients 20-2 and 20-4 for further investigation. Indirect immunofluorescence demonstrated that NEFL protein was present and localized appropriately to what appeared to be nerve terminals of the affected family member (20-2) and control ( Figure 3A and B). Double-label indirect immunofluorescence for NEFL and α-bungarotoxin to label acetylcholine receptors confirmed that these areas were motor end plates ( Figure 3C-E) . Western blot analysis of muscle proteins from 2 affected members (20-2 and 20-4) and 2 age-matched controls detected faint bands corresponding to full-length NEFL protein in all the specimens (data not shown). The presence of a truncated NEFL protein related to the p.R421X mutation could not be evaluated because of the low overall abundance of NEFL in skeletal muscle and a nonspecific or crossreacting band at that molecular weight.
Discussion
NEFL encodes the neurofilament light polypeptide that, together with neurofilament medium and heavy polypeptides, forms type IV intermediate filament heteropolymers, a major component of the neuronal cytoskeleton. 17 Mutations in NEFL are responsible for 2 subtypes of CMT disease, CMT1F and CMT2E. 22 Motor neuron diseases, such as amyotrophic lateral sclerosis, are also associated with neurofilament protein defects, with misaccumulations of neurofilament proteins in more, a transgenic mouse model of a mutant NEFL protein (p.L394P) leads to a selective loss of ventral horn motor neurons and denervation atrophy of the skeletal muscle that suggests it might be a candidate gene for motor neuron diseases. 24 Lack of evidence from whole-genome sequencing for a mutation in genes associated with NM or another CM, as well as the identification of the NEFL c.1261C>T mutation in all affected members of this family, suggested an underlying neurogenic etiology and led us to reevaluate the clinicopathological findings. While the clinical presentations of affected family members were typical of a CM, the muscle biopsy and EMG findings revealed overlapping neurogenic and myopathic characteristics. The EMG findings of diffusely distributed giant amplitude and polyphasic motor unit potentials, positive sharp waves, and fibrillation potentials in the proband pointed to a neurogenic process, although similar neuropathic changes occasionally can be seen in a chronic myopathic process. 15, 25 Furthermore, muscle biopsy specimens from the various family members disclosed features consistent with both myopathic and neurogenic processes. The myopathic findings included myofiber size variation, rounding of fibers, ring fibers, and nemaline bodies, while the neurogenic features included grouped fiber atrophy and multiple angulated fibers. Nemaline bodies, although often considered diagnostic of NM, are not pathognomonic and have been reported in patients with neurogenic disorders, such as CMT disease and progressive spinal muscular atrophy. 11, 26 Similarly, various mutations in an unrelated gene, DNM2, can cause either a peripheral neuropathy, CMT2B, or an autosomal dominant centronuclear myopathy, a type of CM; however, DNM2 is expressed in both neuronal and muscle tissues, so the pleiotropic affects may be related to disruption of different tissue-specific functions of the protein. 16 In the family described herein, because NEFL is not known to be expressed at appreciable levels in skeletal muscle, we are left with the conclusion that the muscle pathology and weakness are a secondary consequence of neuronal dysfunction as a result of a disrupted neuronal cytoskeleton. The absence of neuronal tissue for examination and the limited muscle biopsy specimens from only some affected members of the family precluded any studies to examine the basis of differential myopathic findings in some individuals, but differences might be related to distinct genetic backgrounds, variable environmental influences, or even sampling differences between different muscle groups at different ages and at different physiological and disease states. It has been postulated that NEFL mutations cause a dominant phenotype due to a dominant-negative effect.
27 Our experiments on muscle biopsy specimens have shown the stability of the mutant transcript in this family. Although no nervous system tissue or skin fibroblasts were available for further testing, the dominant nature of this mutation leads us to hypothesize that the translated truncated protein may be stable, potentially interfering with the normal functioning of wild-type protein in mature neurofilament heteropolymers.
Conclusions
In conclusion, we report a dominant nonsense NEFL mutation previously described exclusively in neurogenic disor- 
